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Abstract
We report experiments to transform Dictyostelium discoideum using a simple home-made particle gun. Stable
transformants were obtained at frequencies of up to 2500 clones/Wg DNA. This is five times more than we achieve with
the same vector using electroporation protocols. We also show that the particle inflow gun can be used for analysis of
developmentally regulated gene expression in a transient assay. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Dictyostelium discoideum is a cellular slime mold
with the life cycle typical for this group of organisms.
Unicellular amoebae feed on bacteria and multiply
by ¢ssion, while starvation induces multicellular de-
velopment. Multicellular structures are built by ag-
gregation of individual amoebae, whose behaviour is
coordinated by extracellular factors. Cell communi-
cation governs chemotactic and phototactic migra-
tion as well as cell-type di¡erentiation. Ultimately,
fruiting bodies consisting of a stalk and spores are
formed [1,2]. Studies of developmental processes, sig-
nal transduction and cytoskeletal organization em-
ploy a variety of molecular techniques [3]. Therefore,
e⁄cient transformation methods are desirable. We
wanted to test whether transformation e⁄ciency
could be improved by using a particle gun. This ap-
proach has not yet been applied to D. discoideum.
The principle of transformation with a particle gun
is direct mechanical transport of the DNA into the
cell using metal beads as carriers. Originally designed
to deliver foreign genes across cell walls of plant cells
[4], this method has now been shown to work for
other systems too: various bacteria, yeasts, mamma-
lian cell lines were successfully used as targets [5].
Not only unicellular systems but also leaves or entire
animals (Drosophila melanogaster, Caenorhabditis ele-
gans and mice) can be transformed [5,6]. Applica-
tions of the method in DNA-mediated immunother-
apy and gene therapy are being explored [7^10]. The
so-called biolistic method is capable of delivering
DNA either to the nucleus or into mitochondria
[11] and chloroplasts [12]. The general advantages
of the method are short handling time and high e⁄-
ciency; however, costs of the necessary equipment
can be regarded as a severe disadvantage. We report
here transient expression of a reporter gene and e⁄-
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cient stable transformation of D. discoideum using a
simple and cost-e⁄cient home-made particle gun.
2. Materials and methods
2.1. Vectors
Most experiments were performed with the 18.7 kb
extrachromosomal plasmid p155d1-ecmA-Gal. This
plasmid is a Ddp1 based Escherichia coli^Dictyo-
stelium shuttle vector carrying the A6Tn903CP1
Neomycin resistanceR cassette [13] and, as reporter,
an ecmA-Gal expression cassette [14] cloned as a
HindIII fragment. Circular plasmids were used in
all experiments.
2.2. Particles
Gold particles of 1.5^3 Wm (Aldrich, Steinheim,
Germany) and tungsten particles of 0.7 Wm (Biorad,
Mu«nchen, Germany) were used. Ten to twenty Wg
DNA in TE-bu¡er [15] was mixed with 10 mg of
the particles in a total volume of 200 Wl. The DNA
was precipitated onto the particles with 0.3 M so-
dium acetate and 2.5 volumes of ethanol. DNA-
coated particles were resuspended in 400 Wl absolute
ethanol; 13^20 Wl of this suspension were used per
single delivery.
2.3. Transformation with the particle gun
We used a home-made particle gun of the particle
in£ow type, which was built in a similar fashion to
the device described by Finer et al. [16]. The main
di¡erence to commonly used commercial systems is
acceleration of the microparticles without a macro-
carrier; this greatly reduces the costs per shot. The
construction was described in [6,17] and further de-
tails can be retrieved from http://dicty.cmb.nwu.edu/
dicty/dicty.html or http://www.tu-bs.de/institute/
genetik/schnabel/gunlist.html.
The particle suspension was deposited on a metal
sieve plate in a ‘Swinney’ type ¢lter holder (Milli-
pore, Eschborn, Germany) and mounted in the vac-
uum chamber. To prevent evaporation of the ethanol
in the vacuum, the outlet of the ¢lter holder was
sealed with Para¢lm ¢xed between the male and
the female part of a luer lock. This simple procedure
reduced shot-to-shot variation. The distance between
outlet of the ¢lter-holder unit and the target was 14
cm. A partial vacuum of 30.8 bar was applied and
the particles were accelerated by releasing pressurized
helium (8^14 bar) by means of a solenoid valve (Fes-
to, Mu«nchen, Germany). The burst of helium also
ruptures the Para¢lm seal.
3. Results
3.1. Transient expression
A transient assay was used to optimize the bom-
bardment parameters: vegetative AX2 cells from ax-
enic cultures [18] were set up for development ac-
cording to routine methods: they were washed
twice in LPS (40 mM Na2HPO4/KH2PO4, 20 mM
KCl, 0.2 mM MgCl2, pH 6.4) and concentrated to
1U108 cells/ml. Filter supports and a 4.5-cm cellu-
lose nitrate ¢lter (Sartorius, Go«ttingen) were soaked
with LPS in a 6.5-cm petri dish. 0.5 ml of the cell
suspension was evenly distributed on the ¢lter, cells
were allowed to settle and excess liquid was removed.
At this density a multilayer of cells is formed. This
preparation of vegetative cells was subject to bom-
bardment with particles loaded with vector p155d1-
ecmA-Gal (see Section 2). The vector carries a devel-
opmentally regulated expression cassette with a pre-
stalk-speci¢c promoter.
Cells recovered and formed slugs, culminates and
fruiting bodies during incubation for 24 h. There was
a zone in the center of the plates where cells died, but
in the periphery development was normal. The zone
of damage increased with increasing pressure for ac-
celeration of the helium gas. Helium pressure of 6^14
bar was tested: optimal survival and highest numbers
of expressing cells were found with 6^8 bar. Six and
14 cm distance from the particle source were tested:
positive cells were found at 14 cm only. These results
indicate that mild bombardment is advantageous for
D. discoideum, and good survival of the cells corre-
lated with high numbers of cells expressing the re-
porter gene. The ¢nal parameters of 6 bar and 14 cm
are at the lower limit of our apparatus.
Following development on ¢lters for 24 h, cells
were ¢xed with 0.25% glutaraldehyde for 10 min
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and stained for L-Gal activity according to standard
procedures [19]. Expression patterns were consistent
with prestalk-speci¢c expression (Fig. 1). We found
on average 55 L-Gal positive cells per Wg DNA (Ta-
ble 1). The yield in positive cells was proportional to
the amount of DNA (data not shown). To estimate
the actual hit rate, one has to consider that only one
¢fth of the cells are prestalk cells and will thus allow
expression of the reporter. In addition, detection of
single cells expressing the reporter gene in the tran-
sient assay seems to be di⁄cult: (1) to detect positive
cells the staining time had to be increased in compar-
ison to stable transformants; (2) even then, numbers
of L-Gal-positive cells were low compared to the
numbers of resistant colonies growing under selec-
tion pressure due to stable transformation (Table 1).
3.2. Stable transformation
For stable transformation, vegetative AX2 cells at
5U106 cells/ml were concentrated to 5U107 cells/ml;
1U108 cells were allowed to settle for 0.5 h in 6-cm
petri dishes. The medium was removed as completely
as possible, and cells were bombarded as described
above. Cells were allowed to recover for 3 h, and
distributed on three 9-cm petri dishes with HL5 me-
dium containing 20 Wg/ml G418, and incubated for
1 week. Clones appeared after 5^7 days without fur-
Fig. 1. Distribution cells expressing of L-galactosidase under the control of the prestalk-speci¢c ecmA promoter in the vector p155d1-
ecmA-Gal. (A^C) Twenty-four hours after particle treatment, cells were ¢xed and stained for 4 h for L-Gal activity as described [19]:
(A) migrating slug; (B,C) late culminates with individual stained cells. (D,E) After particle treatment, stably transformed cell lines
were selected with neomycin. A randomly chosen clone was ampli¢ed in HL5 medium with 20 Wg G418 [10], and development was in-
duced by washing o¡ the nutrients and depositing the cells on nitrocellulose ¢lters. The preparation was ¢xed after 18 h and strained
for 10 min: (C) migrating slug; (E) late culminate.
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ther changes of the medium. Stable transformants
were found with an average e⁄ciency of
1.5 þ 0.9U103 clones per Wg DNA (Table 1), ranging
from 0.4U103 to 2.5U103. Electroporation with the
same vector yielded 0.1U103^0.5U103 clones/Wg us-
ing di¡erent electroporation protocols. Therefore,
particle gun transformation is about ¢ve times
more e⁄cient.
3.3. Particle size and amount of DNA
The 1.5^3-Wm gold particles used in the experi-
ments described above were large relative to cell
size (ca. 10 Wm). Since particle size usually should
not exceed one tenth of the cell size [20], we also
tried smaller particles, i.e., 0.7-Wm tungsten particles.
This, however, did not increase transformation e⁄-
ciency. On loading 10 mg of tungsten particles with
10 Wg of p155d1-ecmA-Gal DNA (which is the same
particle mass-to-DNA ratio as for the gold particles),
the e⁄ciency of stable transformation is in the same
range as seen with gold particles (1.5 þ 0.95U103
clones/Wg DNA). However, with this preparation
transient expression was not seen reproducibly. To
be able to detect transiently expressing cells, the total
amount of DNA had to be increased (Table 1b). This
suggests that the amount of DNA delivered per sin-
gle event might be a limiting factor for e⁄cient tran-
sient expression but not for stable transformation.
3.4. Extrachromosomal versus integrating vectors
The procedures were highly e⁄cient with the ex-
trachromosomal vector p155d1-ecmA-Gal (up to
2500 clones/Wg DNA). With integrating vectors the
e⁄ciency was roughly 10-fold lower, in transient ex-
pression as well as in stable transformation. In addi-
tion, there seem to be signi¢cant di¡erences between
di¡erent integrating vectors: vector pBrs2 [21]
proved to be easily transformable with the particle
gun (ca. 200 clones per Wg DNA). The highly e⁄cient
blasticidin-resistance cassette allows single copy inte-
gration of this vector. Similar transformation e⁄-
ciency was obtained with some integrating vectors
carrying neomycin resistance cassettes (which require
multicopy integration) (Table 1), but others gave
poorer performance (data not shown).
4. Discussion
Important methods whose full potential has not
been fully developed in Dictyostelium are transforma-
tions with genomic or cDNA libraries [22^24], either
for complementation of mutants or for the search of
suppressors. Limiting factors are the quality of the
libraries, amounts of library DNA and transforma-
tion e⁄ciency. In an attempt to optimize transforma-
tion e⁄ciency, we explored the potential of the par-
ticle gun. We report that with an extrachromosomal
shuttle vector carrying a 6 kb insert, stable trans-
formants were obtained at frequencies up to 2500
clones/Wg DNA. This was ¢ve times more than
with standard electroporation protocols.
Furthermore, transient expression was tested dur-
ing development using a lacZ reporter under the con-
trol of the ecmA promoter: expression was detected
in individual cells, whose localization indicates pro-
moter-speci¢c expression. Although the e⁄ciency of
transient expression is limited (as is transient expres-
Table 1
E⁄ciency of transformation of Dictyostelium discoideum using a particle in£ow gun
Assay Vector Particles No. of experiments Events per Wg DNA
(a) Transient p155d1-ecmA-Gal Gold 3 55 þ 22
Transient p155d1-ecmA-Gal Tungsten 3 0.7 þ 1.1
Stable p155d1-ecmA-Gal Gold 6 1500 þ 900
Stable p155d1-ecmA-Gal Tungsten 3 1500 þ 950
Stable Integrating: pBsr2 Gold 2 200 þ 130
Stable Integrating: ecmA-Gal Gold 2 140 þ 80
(b) Transient p155d1-ecmA-Gal Tungsten 1 8.4
In transient assays L-Gal-positive cells, in the stable transformation-resistant clones were scored as transformation events. Means and
standard deviations are given. In all experiments 5U107^108 cells were treated. (a) 0.65 Wg, (b) 2.5 Wg DNA per shot.
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sion after electroporation), it o¡ers a rapid test: re-
sults are available the day after transformation. After
electroporation, cells routinely take longer to recover
and develop properly. A rapid test may prove useful
for experiments which involve screenings, such as
random mutagenesis.
Versatility in use, high transformation e⁄ciency
and low costs of the home-made particle gun make
it an attractive alternative to electroporation and
other transformation methods.
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